168 cases of ischemic stroke. After adjustment for age and sex, plasma levels of saturated fatty acids were associated positively: HR (95% CI) of the highest versus the lowest quartile for CE fraction was 1.93 (1.23-3.04, p for trend = 0.01) and that for PL fraction was 1.64 (1.05-2.57, p for trend = 0.03). There was also a positive linear association with monounsaturated fatty acids, especially with palmitoleic acid: HR (95% CI) of the highest versus the lowest quartile for CE fraction was 1.86 (1.20-2.87, p for trend = 0.003) and that for PL fraction was 1.52 (0.99-2.34, p for trend = 0.005). No associations of ω-3 and ω-6 polyunsaturated fatty acids with ischemic stroke were observed, but linoleic acid was inversely and nonlinearly associated with ischemic stroke: HR (95% CI) of the highest versus the lowest quartile for CE fraction was 0.64 (0.43-0.97, p for trend = 0.13) and that for PL fraction was 0.69 (0.45-1.05, p for trend = 0.24). These associations were generally unchanged after adjustment for cardiovascular risk factors. Conclusions: In this US cohort of whites, we found significant positive associations of plasma saturated and monounsaturated fatty acids, especially of palmitoleic acid, with ischemic stroke. We also found an inverse nonlinear association between linoleic acid and ischemic stroke. 
Introduction
It is well established that dietary intakes of fatty acids have a substantial impact on coronary disease; i.e. saturated fatty acids (SFA) increase and polyunsaturated fatty acids (PUFA) decrease serum cholesterol levels and risk of coronary disease [1] . However, the association of fatty acid intake with ischemic stroke has been less studied and results have been inconsistent [2] [3] [4] . Furthermore, few prospective studies have systematically explored the association of biomarkers of fatty acid intake with stroke [5] [6] [7] [8] .
In this study, we examined the association between plasma fatty acid composition and incident ischemic stroke in participants recruited from the Minneapolis field center of the Atherosclerosis Risk in Communities (ARIC) Study, where plasma cholesterol ester (CE) and phospholipid (PL) fatty acids were measured. Generally, plasma fatty acids are considered good biomarkers for estimating recent dietary fatty acid intake [9] , but are also affected by endogenous synthesis influenced by genetic variation, intrauterine programming and other lifestyle factors [10, 11] . Several desaturases, Δ-9-, Δ-6-and Δ-5-desaturases, are known to be involved in endogenous fatty acid synthesis and affected by both diet and genetics [10] . They have been reported to be associated with several cardiovascular risk factors such as insulin resistance and the metabolic syndrome [12] . Therefore, it would also be of interest to know whether these enzyme activities are associated with risk of stroke. In the present study, we sought to explore which individual fatty acids in plasma, and which desaturase indices, are associated with risk of ischemic stroke in the US white population.
Methods

Study Cohort
The ARIC Study selected a population-based sample of 15,792 persons from 4 communities: Forsyth County, N.C., the city of Jackson, Miss., north-western suburbs of Minneapolis, Minn. and Washington County, Md., USA. Participants were 45-64 years of age during the baseline period (1987) (1988) (1989) . The ARIC study protocol was approved by each field center's institutional review board. After written informed consent was obtained, participants underwent a baseline clinical examination, as detailed elsewhere [13] . In the Minneapolis field center only (n = 4,009), baseline plasma was analyzed for fatty acids. We excluded persons who reported a self-reported history of stroke and/or transient ischemic attack at the baseline survey or those without plasma fatty acid data. We also excluded nonwhite subjects due to their small number. Our final sample included 1,859 men and 2,011 women.
Plasma Fatty Acid Measurement
Twelve-hour fasting blood was collected into 10-ml vacuum tubes containing EDTA. Plasma was separated and dispensed into two 1.5-ml aliquots and frozen at -70 ° C for approximately 2 years before analysis for individual fatty acid composition by a single technician, who was blinded to stroke outcome status. The samples were only thawed once for the fatty acid measurements themselves. A previous study has shown that there were no significant changes in most fatty acids, regardless of lipid fraction, after 8-10 years of -80 ° C storage [14] .
Details of plasma fatty acid measurement have been described elsewhere [15] . After separation of PL and CE fractions, the identity of 28 fatty acid peaks was ascertained by comparison of each peak's retention time shown by the gas-liquid chromatogram relative to the retention times of fatty acids in synthetic standards of known fatty acid composition. The percentage of each fatty acid among total fatty acids (% total fatty acids) was quantified by the total area for all fatty acids. Absolute values of each fatty acid were not estimated. The data were electronically transferred from the gas chromatogram to a computer. Short-term test-retest reliability coefficients have been reported previously [16] ; the values were as follows: SFA: r = 0.70 for CE and 0.57 for PL; monounsaturated fatty acids (MUFA): r = 0.71 for CE and 0.46 for PL, and PUFA: r = 0.71 for CE and 0.32 for PL. That report also provided long-term reliabilities [16] , which were somewhat lower than short-term reliabilities. The correlations between plasma and dietary fatty acids measured by food frequency questionnaire have also been reported [15] (22: 5,ω3 ) and (22: 6,ω3), and long-chain ω-3 PUFA as the sum of (20: 5,ω3), (22: 5,ω3 ) and (22: 6,ω3 ).
Ascertainment of Incident Ischemic Stroke Events
Ischemic strokes were identified through annual telephone calls to participants to ascertain all hospitalizations in the past year, through review of local hospital discharge lists and via death certificates. Incident stroke was classified by a computer algorithm and physician review based on signs, symptoms, neuroimaging (CT/MRI) and other diagnostic reports, according to criteria adapted from the National Survey of Stroke [17] . A stroke was classified into definite or probable hospitalized ischemic (cardioembolic or thrombotic) or hemorrhagic stroke on the basis of neuroimaging studies and autopsy, when available. Definite and probable ischemic stroke, where a brain neuroimaging revealed acute infarction or showed no evidence of hemorrhage, was considered ischemic stroke. A definite thrombotic infarction was further classified into large-artery occlusive or lacunar, based on neuroimaging results. More details on the methods for ascertainment of incident stroke in ARIC have been given elsewhere [18] .
Statistical Analysis
For each participant, we calculated the person-years of followup from baseline in 1987-1989 to the first stroke endpoint, death, loss to follow-up, or the end of 2008. The median and maximum years of follow-up were 19.9 and 22.1, respectively. Hazard ratios (HRs) with 95% confidence intervals (CIs) across quartiles of each fatty acid, measured as the percentage of total fatty acids, were calculated after adjustment in the Cox proportional hazards models for age and sex, and for multivariable adjustment models, smoking status (never, ex-or current smoker), cigarette-years and alcohol intake. We did not adjust for blood pressure, diabetes, plasma triglycerides or total or HDL cholesterol levels because we considered them possible mediators of any association between fatty acids and ischemic stroke. Factors that were tested but did not confound the associations included body mass index, education levels, sports index, hormone replacement therapy, energy intake and fish oil supplement use. The linear trend of HRs across the quartiles was tested using a variable with -3, -1, 1 and 3 assigned to successive quartiles. Since there was no significant multiplicative interaction between sex and plasma fatty acids in relation to ischemic stroke, men and women were pooled. The proportional hazards assumption was tested using time by fatty acid interaction terms and was not violated except for myristic acid in the PL fraction and pentadecanoic acid in both fractions, for which the Cox analyses were further stratified by follow-up time ( ≤ 10 and >10 years). Since no significant associations with ischemic stroke were found for either stratum, we only present pooled results.
In secondary analyses, we defined desaturase and elongase activity indices [12, 19] to examine the activity of each enzyme with incident ischemic stroke: the ratios of (16: We used SAS version 9.1.3 Service Pack 4 (SAS Institute Inc., Cary, N.C., USA) for the analyses. All p values for statistical tests were two-tailed and values of p < 0.05 were regarded as statistically significant.
Results
During 70,735 person-years of follow-up of 3,870 persons (1,859 men and 2,011 women), we documented 168 incident ischemic stroke events (103 in men and 65 in women). Of these, there were 35 cardioembolic, 60 definite large-artery occlusive, 34 definite lacunar, and 39 unclassified/possible thrombotic infarctions.
Compared with those who had no ischemic stroke ( table 1 ), ischemic stroke cases had higher mean age and triglycerides and lower HDL cholesterol at baseline, and for women, higher total cholesterol. Those who developed ischemic stroke were more often hypertensive and diabetic (men and women), and smokers (men only). Since mean fatty acid composition at baseline did not differ much by sex [20] , and no interaction between sex and any fatty acids in relation to ischemic stroke was observed, analyses were performed for men and women together. Table 2 presents age and sex-adjusted HRs of ischemic stroke for the highest versus lowest quartiles of each fatty acid. Greater plasma total SFA were associated with higher risk of ischemic stroke (HR = 1.93 for the CE fraction and 1.64 for the PL fraction). An increased risk was also observed for MUFA, particularly for palmitoleic acid (HR = 1.86 for the CE fraction and 1.52 for the PL fraction). Higher plasma levels of ω-6 PUFA were not significantly associated with reduced risks of ischemic stroke, but linoleic acid was associated with 36% lower risk of ischemic stroke in the highest versus lowest quartiles for the CE fraction, although p values for trend were not statistically significant. Lower risks of ischemic stroke were not observed for greater total ω-3 PUFA, α-linolenic or eicosapentaenoic acids. However, being in the highest versus lowest quartile of docosahexaenoic acid was associated with approximately 30% less risk of ischemic stroke, with marginal statistical significance (p for trend = 0.07 for CE and 0.08 for PL fractions). The Δ-9-desaturase index was associated positively with ischemic stroke incidence. There was also a positive, but marginal, association for Δ-6-desaturase index. No significant associations were found for Δ-5-desaturase and elongase indices.
These associations did not change materially with further adjustment for cardiovascular risk factors including smoking, cigarette-years and alcohol consumption.
The positive linear associations between ischemic stroke and total SFA ( fig. 1 a) and palmitoleic acid (online suppl. fig. 1e ; for all online suppl. material, see www. karger.com/doi/10.1159/000351205) remained statistically significant for both the CE and PL fractions. The fig. 1 b) , ω-6 PUFA ( fig. 1 c) and docosahexaenoic acid (online suppl. fig. 1g ) with ischemic stroke were attenuated. A nonlinear inverse association between linoleic acid and ischemic stroke was still observed (online suppl. fig. 1f ). No association was found for total long-chain ω-3 PUFA ( fig. 1 d) . For enzyme indices, the ischemic stroke associations were generally unchanged, and that for the Δ-9-desaturation index for CE fraction was still statistically significant: HRs were 1.0 for the lowest quartile 
Discussion
By and large, the results were consistent with previous prospective studies of ischemic stroke and fatty acid biomarkers [5] [6] [7] [8] , which reported positive associations of SFA and palmitoleic acid and an inverse association of linoleic acid with ischemic or total stroke, although some of these associations were attenuated after adjustment for other risk factors. Some inconsistencies among studies could be partly explained: (1) by whether studies were adjusted or not for factors potentially on the causal pathway (e.g. hypertension and lipids) or (2) by different proportions of stroke subtypes (large-artery occulusive, lacunar and hemorrhagic) across the studies. For example, 78% of ischemic strokes were lacunar in a study of Japanese [6] , while definite lacunar infarction was only 20% among these ARIC white Minnesotans. Some other fatty acid studies of whites did not classify stroke into ischemic and hemorrhagic types [5, 8] , but would be expected to involve mostly ischemic. The tissues studied, fatty acid assay methods, distribution of fatty acids among populations, and endpoint determinations were also not equivalent across the studies. We found a relatively strong significant positive association of both CE and PL SFA with ischemic stroke. Al- though there have been no dietary studies showing positive associations between SFA intake and stroke [21] [22] [23] [24] [25] [26] , and some reported even inverse associations with ischemic stroke [21, 24, 26, 27] , a different finding for biomarkers is not a surprise. Plasma SFA is affected by endogenous synthesis, but self-report dietary intake is known for its measurement error [28] . A study in Scotland [8] reported an inverse association between SFA in adipose tissue and stroke, but they included hemorrhagic stroke in the stroke endpoint, which has been reported to be inversely associated with SFA in dietary studies [27, 29, 30] . A Swedish study reported positive associations of myristic and palmitic acids with ischemic stroke/transient ischemic attack [7] . A Japanese nested case-control study found a positive association of serum SFA with incident ischemic stroke (predominantly lacunar stroke), but they noted the association was confounded by linoleic acid, and only linoleic acid showed a significant inverse association after multiple adjustment [6] . We speculate that SFA may have an adverse impact on nonlacunar thrombotic stroke more strongly than lacunar stroke, because an adverse impact of total or LDL cholesterol has been established only for nonlacunar thrombotic infarction and not lacunar infarction [31, 32] . This could partly explain the relatively strong association of SFA with ischemic stroke in the present study involving a low proportion of lacunar strokes. Some inconsistency with Japanese dietary studies, which showed inverse associations between dietary SFA and ischemic stroke [26, 27] , could also be explained by a large difference in distribution of SFA intake between the US and Japanese populations [33, 34] . We observed a strong positive association of MUFA, especially palmitoleic acid, as well as that of Δ-9-desaturase index, with ischemic stroke. It is unlikely that plasma MUFA is a well-reflected dietary MUFA intake since it did not correlate with diet (r = 0.01 for CE and 0.05 for PL) [15] . Rather, plasma MUFA may reflect both SFA intake and Δ-9-desaturase activity, since much of plasma MUFA is derived from SFA desaturated by Δ-9-desaturase [35] .
Some previous studies reported inverse associations of linoleic acid with incident ischemic stroke [6, 7] . This was also replicated here, although the association was nonlinear. On the other hand, no association of ischemic stroke with ω-3 PUFA, either α-linolenic or eicosapentaenoic acid, was observed in this cohort of white subjects, although a weak inverse association was detected for docosahexaenoic acid. One of the reasons for no associations for ω-3 PUFA could be the very low proportion of these fatty acids in this Minnesotan population. Mean proportions of α-linolenic, eicosapentaenoic and docosahexaenoic acids at baseline were 0.4, 0.5 and 0.4%, respectively, for the CE fraction and 0.1, 0.6 and 2.8%, respectively, for the PL fraction.
Previous studies showed that high Δ-9-desaturase index, an estimate of Δ-9-desaturase (stearoyl-coenzyme A desaturase) activity, has been associated with obesity and mortality from cardiovascular disease. [36, 37] Increased Δ-9-desaturase activity has been demonstrated with higher SFA intake with dietary intervention [38] . In the present study, risk of ischemic stroke was greater with a higher Δ-9-desaturase index defined by a ratio of 16: 1/16: 0. Potential mediating mechanisms between fatty acid intake and risk of stroke include high total cholesterol, obesity, inflammation and endothelial dysfunction [39, 40] .
A strength of the present study was the use of a biomarker, which is a more objective indicator of dietary fatty acid intake than a self-report dietary questionnaire. On the other hand, plasma fatty acids do not fully reflect dietary intake, since they are also influenced by preferential incorporation, endogenous synthesis, genetics or lifestyle [11] . Plasma ω-3 PUFA, especially docosahexaenoic acid, correlated well with dietary intake (r = 0.42 for CE and 0.42 for PL docosahexaenoic acid), whereas SFA correlated moderately with diet, but MUFA did not [15] .
We did not adjust for blood pressure, diabetes or lipids because we considered them possible mediators of any association between fatty acids and ischemic stroke. However, these are time-varying covariates and as such they may be confounders as well as mediators on the causal pathway. When we further adjusted for systolic blood pressure, antihypertensive medication use, diabetes and total and HDL cholesterol, as well as age, smoking, cigarette-years and alcohol consumption, the associations with stroke were generally attenuated for SFA and palmitoleic and linoleic acids. Other potential residual confounders, such as socioeconomic status, might have also affected the results. Another limitation is that the short-and long-term repeatability of some plasma fatty acids was modest, especially those composing low proportions of total fatty acids, including α-linolenic acid (r = 0.32-0.50 for short-term and 0.35-0.41 for longterm) and docosahexaenoic acid (r = 0.53-0.58 for shortterm and 0.46-0.48 for long-term), although the repeatability of most major fatty acids (e.g. palmitic, stearic, palmitoleic, linoleic and arachidonic acids) were fair (r > 0.65) [16] .
In conclusion, we found significant positive associations of SFAs and MUFAs, especially palmitoleic acid in plasma CE and PL, with incident ischemic stroke and an inverse nonlinear association between plasma linoleic acid and ischemic stroke among whites in Minnesota. As for clinical and public health implications, high dietary SFA intake and low linoleic acid intake could be risk factors for ischemic stroke, given at least modest correlations with diet and fair repeatability for these plasma fatty acids. Further investigation, including meta-analyses and clinical trials, would be needed to confirm this finding.
